The interferon-induced, dsRNA-activated human protein kinase (PKR) exerts antiviral and antiproliferative effects through inhibition of protein synthesis. Studies of structur-function relationships in PKR have shown that two dsRNA binding motifs are important for its autophosphorylation and activation by dsRNA in vitro. To correlate these findings with the activity of PKR in vivo, we examined the function of various PKR deletion mutants in cultured cells by using an inducible expression system. In a reporter gene assay, mutant forms of the kinase lacking amino acids 1-97 (A1-97) and 104-157 (A104-157) The interferon (IFN)-induced, dsRNA-activated human protein kinase (PKR; also termed DAI, p68 kinase, dsI, PKd,, and P1/eIF2a protein kinase) is thought to be a key mediator of the antiviral and antiproliferative effects of IFN (1, 2). In the presence of dsRNA and ATP, PKR is autophosphorylated on several of its serine and threonine residues (3). Autophosphorylated PKR, in turn, catalyzes the phosphorylation of the a subunit of eukaryotic initiation factor 2 (eIF-2a), which leads to inhibition of protein synthesis (4). Recent studies have demonstrated directly the antiviral function of PKR (5, 6) and its ability to suppress growth in yeast (7). In addition, PKR has been suggested to be a tumor suppressor because expression of catalytically inactive mutant forms of the kinase can cause malignant transformation (8, 9). The tumor suppressor function of PKR has also been correlated with the induction of apoptosis (10).
tion and activation by dsRNA in vitro. To correlate these findings with the activity of PKR in vivo, we examined the function of various PKR deletion mutants in cultured cells by using an inducible expression system. In a reporter gene assay, mutant forms of the kinase lacking amino acids 1-97 (A1-97) and 104-157 (A104-157), which are required for dsRNA binding in vitro, retained full activity in vivo. Deletion of amino acids 233-271 (A233-271), however, abolished the translational inhibitory activity of the kinase and prevented its phosphorylation. Moreover, cells infected with vaccinia virus recombinants expressing wild-type PKR, the mutant A104-157, or a triple deletion mutant form of PKR (A1-97, A104-157, A186-222), developed almost complete inhibition of both viral and cellular protein synthesis upon induction of PKR. This inhibition of viral protein synthesis was not observed in cells infected with a recombinant expressing A233-271 mutant PKR. Our findins establish that the region encompassing amino acids 233-271 of PKR is critical for kinase activity in vivo, whereas its dsRNA binding domain is dispensable.
The interferon (IFN)-induced, dsRNA-activated human protein kinase (PKR; also termed DAI, p68 kinase, dsI, PKd,, and P1/eIF2a protein kinase) is thought to be a key mediator of the antiviral and antiproliferative effects of IFN (1, 2) . In the presence of dsRNA and ATP, PKR is autophosphorylated on several of its serine and threonine residues (3) . Autophosphorylated PKR, in turn, catalyzes the phosphorylation of the a subunit of eukaryotic initiation factor 2 (eIF-2a), which leads to inhibition of protein synthesis (4) . Recent studies have demonstrated directly the antiviral function of PKR (5, 6) and its ability to suppress growth in yeast (7) . In addition, PKR has been suggested to be a tumor suppressor because expression of catalytically inactive mutant forms of the kinase can cause malignant transformation (8, 9) . The tumor suppressor function of PKR has also been correlated with the induction of apoptosis (10) .
The conserved kinase motifs (11) are represented in the C-terminal half of PKR, while the N-terminal half of the protein, which presumably plays a regulatory role, contains three clusters of basic amino acids (aa) (12, 13) . These basic regions encompass aa 1-97, 104-157, and 233-271. Studies of various mutants of PKR in vitro revealed the existence of a dsRNA binding domain within the first 171 aa (7, (13) (14) (15) (16) (17) . This domain is composed of two divergent copies of an RNA binding motif, each of which contains one of the basic clusters (13) . Thus, the first two basic regions, which span aa 1-97 and 104-157, are required for dsRNA binding, whereas the third basic region, aa 233-271, is dispensable for this function (13) .
Comparable structure-function studies in vivo are hampered by the toxic effects of PKR. To overcome this limitation, we established an infection-transfection system in which expression of PKR is driven by a vaccinia virus (VV) late promoter and regulated by Escherichia coli lacI repressor/operator control elements (18) . In this system, cultured cells are infected with VV and transfected with two plasmids, one containing the inducible PKR gene and the other carrying a luciferase (LUC) reporter gene. Production ofPKR leads to reduced LUC expression. We have also developed VV recombinants in which activation of PKR leads to a severe inhibition of both viral and cellular protein synthesis during infection (6) . These two systems provide the means to study the structure-function relationship of PKR in vivo. In this investigation we have analyzed the activity of deletion mutants ofPKR using both the VV infection-transfection system and the VV recombinant system. We report that the third basic region, which spans aa 233-271, is critical for the activation of PKR. Moreover, we show that activation of PKR can occur in the absence of both dsRNA binding motifs (aa 1-97 and aa 104-157). These results suggest that the endogenous PKR may phosphorylate the transfected kinase and that the third basic region is required for this activation.
MATERIALS AND METHODS Construction of W Insertional Vectors Cont
Mutant Forms of PKR. Plasmids pTL1 and pTL11 containing the cDNAs encoding the entire human PKR gene (wild-type and lys296--arg mutant, respectively) have been described (18) . The pTL constructs are based on a VV insertional vector, pPR35, for inducible expression (19) . It consists of the following genetic elements: the VV late promoter p4b, two 21-bp lac operators (op), and the lac repressor gene under control of the VV early-late promoter p7.5 (Fig. 1) . The cassette is flanked at both ends with VV thymidine kinase sequences to provide sites of insertion into the VV genome. A schematic representation ofwild-type and deletion mutants of PKR is shown in Fig. 1 . Plasmid pTL1 was digested with BamHI and Nco I, the ends were filled with Klenow fragment, and the vector was self-ligated to generate pTL12, containing a deletion of aa 1-97 (A1-97), equivalent to Al (13) . Plasmids A2 and A3 (13) resultant fragments were inserted between equivalent sites in pTL1 to generate pTL7 and pTL8, respectively. Plasmid pTL1 was digested with BsaAI and Pme I and self-ligated to yield pTL19 containing a deletion of aa 186-222. The cloning strategy used for pTL12 was used to generate the double deletions pTL20 (A1-97, A186-222) and pTL21 (A1-97, A104-157) from pTL19 and pTL7, respectively. The strategy used for pTL19 was applied to pTL7 to yield pTL22 (A104-157, A186-222). Plasmid pTL22 was further treated in the same manner as used to generate pTL12 to yield pTL23 containing deletions from aa 1-97, 104-157, and 186-222. All constructs were confirmed by DNA restriction analysis.
Growth of Cells and Viruses. Monolayer cultures of African green monkey kidney BSC-40 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% newborn calfserum (GIBCO/BRL). The Western Reserve (WR) strain of VV and VV recombinants were grown and prepared as described (20) .
Generation of W Recombinants Expressing Mutant Forms of PKR. Recombinant VVs expressing the wild-type or lys296-+arg PKR have been described (6) . Viruses expressing the deletion mutants A104-157 (WR68KA2), A233-271 (WR68KA3), and A1-97, A104-157, A186-222 (WR68KATri) were generated using the pTL7, pTL8, and pTL23 plasmids, respectively, according to the procedure described previously (21) . Recombinant viruses were selected with 5'-bromodeoxyuridine, and two rounds of plaque purification yielded homogeneous virus stocks. The PKR insertion site in the VV genome was confirmed by Southern blot analysis using total DNA from infected cells.
Infection-Transfection Analysis. BSC-40 cells were infected for 1 hr with W at 2 plaque-forming units (pfu) per cell. After removing the inoculum, the cells were transfected (Lipofect-ACE; BRL) with plasmids expressing PKR for 3 hr and then incubated with fresh DMEM containing 2% newborn calf serum either with or without 1.5 mM isopropyl P-Dthiogalactoside (IPTG) for 18 hr.
Immunoprecipitation Analysis. BSC-40 cells grown in 60-mm plates were infected at 2 pfu per cell with VV and transfected with 10 pg of indicated plasmids in the absence or in the presence of 1.5 mM IPTG. At 20 hr postinfection (p.i.) cells were metabolically labeled for 3 hr with 50 tCi of [32P]orthophosphate per ml (1 Ci = 37 GBq) in phosphate-free medium. Cell extracts were prepared and immunoprecipitated as described (6), using rabbit polyclonal antibody specific for human PKR (13) (13) . SDS/PAGE analysis of the immunoprecipitates revealed different sizes of activated human PKRs as well as background phosphorylation of the endogenous monkey kinase, p69 ( Fig. 2A) . As previously described (18), we detected an increased phosphorylation of wild-type PKR with the addition of IPTG. Deletion of either the second basic region (aa 104-157) or the region between the second and third basic regions (aa 186-222) had no effect on PKR phosphorylation (lanes 7 and 8 and lanes 11 and 12). Surprisingly, however, autophosphorylation of the deletion mutant lacking the third basic region (aa 233-271) was greatly reduced (lanes 9 and 10). The catalytically inactive lys296--arg mutant was also poorly phosphorylated (lanes 5 and 6), as reported previously (6) . A phosphoprotein of about 43 kDa was coimmunoprecipitated; it probably represents a protein related to PKR such as its breakdown product (24) . Furthermore, double deletion (A104-157, A186-222) and triple deletion (A1-97, A104-157, A186-222) mutants ofPKR, which lack either one or both of the dsRNA binding motifs but retain residues 233-271, were still phosphorylated (lanes [13] [14] [15] [16] , suggesting that the third basic region (aa 233-271) is critical for autophosphorylation of PKR. As shown by Western blot analysis (Fig. 2B) , the lack of phosphorylation of A233-271 or lys296->arg PKR mutants cannot be attributed to instability of these kinases. In addition, the degree of induction of PKR proteins seems to be inversely related to their activity, presumably because PKR down-regulates its own synthesis (6, 25) .
Inhibition of Translation by Mutant Forms of PKR. To assess the ability of the deletion mutants to inhibit protein synthesis, we cotransfected the kinase vectors with a plasmid carrying the reporter gene, LUC. Inhibition of LUC activity is a reflection of inhibition of protein synthesis and not of transcriptional regulation (18) . As shown in Fig. 3 (80-85%). The mutant that lacks the second basic region (A104-157) was less active, but the triple mutant, which lacks almost all of the N-terminal half of the protein except for the third basic region, was essentially as active as wild-type PKR. The only deletion mutant that was inactive in terms of inhibiting the levels of LUC was the deletion mutant that lacked the third basic region, 4233-271. The catalytically inactive mutant, lys296--arg, also did not inhibit LUC activity as expected (18) . These results show that the third basic region, aa 233-271, is important for the activation ofPKR and that activation of PKR can occur in the absence ofboth ofthe dsRNA binding motifs, aa 1-97 and 104-157.
Expesion of A233-271 Mutant PKR Fails To Inhibit Viral Protein Synthesis. The observation that a mutant PKR that lacks both of its dsRNA motifs can still be active was very surprising; therefore, we needed to confirm the ability of deletion mutants to inhibit virus protein synthesis in vivo. For this purpose, we generated thrte VV recombinants expressing mutant PKR lacking the second basic region (A104-157), the third basic region (A233-271), or the entire N-terminal half of the kinase except the third basic region (A1-97, A104-157, A186-222 In fact, the deletion mutant proteins accumulated to levels higher than wild-type PKR (Fig. 4A) . Induction of the A104-157 mutant or of the A1-97, A104-157, A186-222 triple deletion mutant resulted in a severe inhibition of viral protein synthesis in cultured cells, to a similar extent as the wild-type PKR (Fig. 4B, lanes 11-14) . In cells infected with a VV recombinant expressing A233-271 mutant PKR (Fig. 4B , lanes 9 and 10), however, the level of viral protein synthesis was the same as that in cells infected with wild-type virus lacking the PKR gene (Fig. 4B, lanes 3 and 4) or with the recombinant virus carrying the gene for the catalytically inactive lys296--*arg mutant (Fig. 4B, lanes 7 and 8) . These results are in accordance with the LUC data ( Fig. 3) (25) (26) (27) . Thomis and Samuel (25) showed that the catalyti- cally inactive lys296-+arg mutant kinase was expressed at about 30-fold higher levels than wild-type PKR, and similar observations were presented by Barber et al. (26) and confirmed here (Figs. 2B and 4A) . Deletion of aa 156-243 had little effect on the kinase, but removal of aa 91-243 led to a 20-to 25-fold reduction of kinase activity and a 70-fold increase in its expression (26) . Interestingly, a point mutation that converted lysine-64 to glutamic acid abolished the RNA binding activity and resulted in a 15-fold increase in its expression (27) . Based on these and other in vitro studies (7, (13) (14) (15) (16) (17) , one would expect that deletions of either the first (aa 1-97) or the second (aa 104-157) dsRNA binding motifs would be deleterious to kinase activity in tissue culture cells. Surprisingly, however, we found that deletions in both dsRNA binding motifs (aa 1-97 and aa 104-157), either separately or in combination, were permitted without affecting the ability of PKR to inhibit expression of a reporter gene or virus genes in our system. In fact, the only requirement for the activation of PKR in our system was the presence of the third basic region (aa 233-271), which lies outside the RNA binding domain.
Why is the third basic region important for PKR function? The sequence of this region does not offer any obvious clues, and it is possible that it serves some structural role in maintaining enzyme conformation that will become evident 10554 Biochemistry: Lee et al. 1 only when the enzyme's three-dimensional structure is known. Based on secondary structure predictions, this region may adopt a helical form, raising the possibility that it is equivalent to the A helix, which is contiguous to the catalytic core of several protein kinases (28) . However, we do not think this is very likely for two reasons. (i) The A helix is important for stability but not for function (28) , whereas the third basic region of PKR is important for function but probably not for stability. (ii) It lacks the diagnostic tryptophan that seems to play an important part in A helix interactions with the kinase core (28) . An alternative hypothesis is suggested by the observation that its removal greatly reduces phosphorylation, indicating that the region contains sequences important for this activity, or the phosphorylation sites themselves. The finding of several phosphorylation sites in this region supports the latter possibility, but (30) . Our study indicates that activator(s) other than dsRNA should be considered. Identifying the nature of these activators should shed some light on the physiological functions of PKR.
